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[57] ABSTRACT 
Laser sources produce two light beams which are dif 
ferent in frequency and at least one'of which is a pulse 
beam. The two light beams are subjected to sum fre 
quency mixing in a non-linear optical element and a 
resultant sum frequency beam is applied to a specimen 
as an exciting pulse beam. A pulse beam separated from 
the sum frequency beam and synchronized therewith is 
detected by a photodetector. A measuring meansmea 
sures a waveform of ?uorescence light emitted from the 
specimen using an output of the photodetector as a 
measurement starting reference signal. According to 
one embodiment, the device operates in a single photon 
counting mode and the measuring means counts repeat 

_ edly an elapsed time from the detection of the measure 
ment start reference signal to the detection of the ?uo 
rescence light for every divided section of the elapsed 
time. 

7 Claims, 4 Drawing Sheets 
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LIGHT WAVEFORM MEASURING DEVICE 
INCLUDING A STREAK CAMERA 

BACKGROUND OF THE INVENTION 

This invention relates to a light waveform measuring 
device, which is used to measure, for instance, the life of 
the ?uorescence light which is produced when a laser 
beam is applied to an object under test. 
Examples of conventional light waveform measuring 

devices having high time resolution are as follows: 
A ?rst example of the conventional optical waveform 

measuring device operates according to the so-called 
“time correlation single photon counting method”. In 
the method, the photons of ?uorescence light emitted“ 
from an object under test, in response to the application 
ofa light pulse‘very short in duration time are detected, 

_ so that the period of time which elapses from the appli 
cation of the light pulse until the detection of the pho 
tons is measured. In this connection, it should be noted 
that the device is so adjusted that the number of photons 
detected per application of the light pulse is not more 
than one. The time measurement is repeatedly carried 
out many times (about one million times for high accu 
racy), and a histogram is formed by using the resultant 
data, so as to obtain the fluorescence life characteristics 
of the object under test. 
A second example of the conventional optical wave 

‘form measuring device employs a streak camera device. 
The waveform of light emitted from an object under 
test is measured with a streak tube which performs the 
sweep of an electron beam in synchronization with the 

_ application of a light pulse to the object. By performing 
the application of the light pulses and the sweep of the 
electron beam repeatedly the waveform of the light can 
be measured even when the number of photons emitted 
from the object is small. In addition, in the case, too, 
where a number of photons are emitted from the object 
every application of the light pulse, the light waveform 
can be measured. 

In addition to the above-described devices, a sam 
pling type light waveform measuring device, and de 
vices using a pin photodiode or avalanche photodiode 
as a photodetector, are known in the art. 

In the above-described measurements, it is essential to 
provide a reference signal for starting a measurement. 
The light waveform measuring device operating in the 
single photon counting method cannot operate without 
a time measurement start signal. The light waveform 
measuring device with the streak camera cannot oper 
ate without a sweep start signal (trigger signal). There 
fore, the conventional devices obtain the measurement 
starting reference signal according to the following two 
methods: In the ?rst method, the pulse beam from a 
laser light source is split by a half-mirror or the like into 
two beams. One of the two beams is applied, as an excit 
ing light beam, to a specimen under test, while the other 
is applied to a photodetector to obtain the measurement 
start signal. In the second method, the measurement 
start signal is obtained by utilizing the signal which is 
applied to a drive circuit provided for a semiconductor 
laser constituting a laser light source. 

In the ?rst method, however, it is necessary to pro 
vide an optical system for splitting the pulse beam into 
two beams. Accordingly, the light waveform measuring 
device according to the ?rst method is unavoidably 
intricate in arrangement. Furthermore, since the pulse 
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2 
beam is split as was described above, utilization of the 
light beam is not efficient. 

In the second method, there arises a drift or jitter 
between the electrical signal in the drive circuit of the 
pulse light source and the output pulse beam, so that the 
relation between timing of the measurement start signal 
and that of the output pulse beam is not kept constant. 
Therefore, especially when the counting operation is 
carried out repeatedly, the timing relation will be 
shifted ,every counting operation, with the result that it 
is difficult to improve the time resolution. 
On the other hand, in order to measure the life of 

fluorescence, it is necessary to use a light beam as an 
exciting light beam which is shorter in wavelength than 
the fluorescence light, and laser light source types 
which can be utilized are therefore limited. In the case 
of a semiconductor laser which is small in size and can 
be controlled with case, it is rather dif?cult to obtain a 
laser beam having a short wavelength. 

SUMMARY OF THE INVENTION 

In view of the foregoing, an object of this invention is 
to provide a light waveform measuring device simple in 
construction which can effectively utilize the output 
pulse beam of a light source and improve the time reso 
lution, and can readily obtain a high-energy (short 
wavelength) exciting pulse beam necessary for exciting 
a specimen under test. 
A light waveform measuring device of the invention 

basically detects light, to measure its waveform, pro 
duced from a specimen in response to an exciting light, 
and has a feature of utilizing a so-called sum frequency 
mixing. More speci?cally, the light waveform measur 
ing device, according to the invention, comprises: light 
sources (such as semiconductor light emitting elements) 
for outputting ?rst and second light beams which are 
different in frequency and at least one of which is a 
pulse beam; mixing means for subjecting the ?rst and 
second light beams to sum frequency mixing; selecting 
means for selecting a sum frequency beam from output 
light beams of the mixing means, which is applied, as an 
exciting pulse beam, to a specimen; pulse detecting 
means for detecting a pulse beam which is synchronous 
with the sum frequency beam from the output light 
beams of the mixing means; and measuring means for 
measuring a waveform of light to be measured from the 
specimen, with an output of the pulse detecting means 
as a measurement starting reference signal. 
The light waveform measuring device may be so 

modi?ed that the period of time which elapses from the 
time instant that the pulse detecting means produces the 
output until the light to be measured is detected is 
counted repeatedly to measure the light waveform. 
Furthermore, it may have a streak camera which per 
forms a sweep operation using the output of the pulse 
detecting means as a trigger signal. 

In the optical waveform measuring device of the 
invention, the measurement starting reference signal is 
obtained from the pulse beam which is completely syn 
chronous with the exciting pulse beam which is pro 
duced by the sum frequency mixing. Therefore, the 
timing of the exciting pulse beam will not be shifted 
from that of the measurement starting reference signal 
by a drift or jitter which may take place in the drive 
circuit, etc. Furthermore, the exciting pulse beam ap 
plied to the specimen is short in wavelength (high in 
energy), being formed by the sum frequency mixing as 
was described above. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an explanatory diagram, partly as a block 
vdiagram, showing the arrangement of a light waveform 
measuring device according to a ?rst embodiment of 
this invention; 
FIG. 2 is a graphical representation showing a result 

of measurement by, the device shown in FIG. 1; 
FIG. 3' is an explanatory diagram, partly as a block 

diagram, showing the arrangement of a light waveform 
measuring device according to a second embodiment of 
the invention; and , 
_FIGS. 4 and 5 are diagrams for a description of the 

arrangement and operation of a light waveform ‘measur 
ing device according to a third embodiment of the in 
vention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Preferred embodiments of this invention will be de 
scribed with reference to the accompanying drawings. 
FIG. 1 shows the arrangement of a light waveform 

measuring device which is a ?rst embodiment of the 
invention. In FIG. 1, a laser drive unit 1 comprises, for 
instance, a circuit for outputting an electrical pulse 
having a predetermined frequency, and a circuit for 
producing a short pulse current (electrical pulse signal) 
of several hundreds of picoseconds rising quickly (the 
circuits being not shown), which is applied to semicon 
ductor lasers LD1 and LDZ. In response thereto, the 
semiconductor lasers LD1 and LD; produce'very short 
pulse laser beams which have different angular frequen 
cies m1 and m; (f = w/ 21r=c/)\), respectively. The very 
short pulse beam LB; from the semiconductor laser 
LD'] meets the very short pulse beam LB; of the other 
semiconductor laser LDz at a half-mirror HM, so that 
the combination of the very short pulse beams is applied 
to a non-linear optical element 2. As a result, the non 
linear optical element 2 outputs three light beams hav 
ing angular frequencies (.01, m2 and (.03 (=w1+w2) by 
sum frequency mixing. Those light beams are applied to 
a wavelength selecting ?lter F. The light beam ((03) 
passed through the ?lter F is applied through an optical 
lens system (not shown) to an object (specimen 3) under 
test, so that the specimen 3 outputs ?uorescence light 
FL. The fluorescence light FL thus outputted is de 
tected by a photodetector PMT such as a photomulti 
plier tube, the detection output of which is applied, as a 
stop signal, to a stop terminal of a time-amplitude con 
verter 41. 
On the other hand, the light beams having the angular 

frequencies m1 and w; re?ected by the ?lter F are de 
tected by a photodetector PD such as a photodiode, the 
detection output of which is applied, as a start signal, to 
a start terminal of the time-amplitude converter 41. The 

' time-amplitude converter 41 operates in response to the 
stop signal and the start signal. The output of the con 
verter 41 is applied to a pulse height analyzer 42. 
The time-amplitude converter 41 and the pulse height 

analyzer 42 constitute measuring means 4 for measuring 
light waveforms. The measuring means 4 operates as 
follows: 
The light beams having the angular frequencies (01 

and a»; are detected by the_photodetector PD, and ap 
plied, as the start signal, to the time-amplitude con 
verter 41. The timing of applying the start signal and the 
timing of irradiating the specimen 3 with the very short 
pulse beam LE3 provided by the sum frequency mixing 
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are made synchronous with each other. Since the start 
signal is formed by using the light beams having the 
angular frequencies :01 and a); which contribute to the 
formation of the specimen exciting very short pulse 
beam LB3 by the sum frequency mixing, the above 
described synchronization will not be affected by the ’ 
drift or jitter of the drive unit 1. 
When the ?uorescence light FL (a photon) from the 

specimen 3 is detected by the photodetector PMT, the 
output of the latter is applied, as the stop signal, to the 
time-amplitude converter 41. As a result, the converter 
41 produces a voltage pulse whose height is propor 
tional to the period of time which elapses from the time 
instant that the converter 41 receives the start signal 
until it receives the stop signal. The voltage pulse is 
applied to the pulse height analyzer 42. The analyzer 42 
converts the voltage pulse to a digital signal, and counts 
it separately according to the height of the voltage pulse 
(i.e., counts the number of time periods of that particu 
lar duration which have been detected). 
FIG. 2 is a graphical representation indicating one 

example of the result or distribution of count of the 
pulse height analyzer 42 in the case where a number of 
voltage pulses are applied by the time-amplitude con 
verter 41 to the analyzer 42. In the graphical representa 
tion, the horizontal axis represents the elapsed time 
(height of the voltage pulse), and the vertical axis the 
number of photons. In other words, the vertical axis 
represents the probability that a photon (fluorescence 
vlight FL) is detected at a given time, and therefore the 
value on the vertical axis is proportional to the intensity 
of fluorescence at that time. Thus, FIG. 2 indicates the 
variation in intensity of the ?uorescence with time, i.e., 
the ?uorescence life characteristic. In practice, applica 
tion of the light pulse is carried out one million to sev 
eral tens of millions times, and the measurement is con 
tinued until about one million photons are detected, to 
determine the life of ?uorescence. 
The speci?c features and advantages of the device 

thus constructed will be described. 
First, since the third light beam (sum frequency light 

beam) formed by the sum frequency mixing is used as 
the exciting pulse beam applied to the specimen 3, the 
device can be used for observation of a variety of ob 
jects. The principle of generating a sum frequency light 
beam is described in the publication “Fundamental op 
toelectronics”, pp. 224 to 226. However, it will be 
brie?y described here. When light beams having angu 
lar frequencies m1 and (02 are combined together with a 
half-mirror or prism, and are then applied to a non-lin 
ear optical element such as a non-linear optical crystal 
(e.g., LiNbO3) or a Cherenkov radiation waveguide 
type non-linear optical part, a light beam having an 
angular frequency (03 is formed in accordance with the 
relation: 

'where 

Therefore, when a laser beam having a wavelength 
A1 = 1.3 pm is mixed with a laser beam having a wave 
length X2=850 nm, a sum frequency light beam having 
a wavelength >~3=5 14 nm is provided. The wavelength 
514 nm is much shorter (higher in energy) than that (700 
to 800 nm) of the ordinary ?uorescence light), and 
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therefore the light beam effectively excites the speci 
men to produce ?uorescence light. 

Secondly, the measurement reference signal is ob 
tained from the light beams which contribute to forma 
tion of the sum frequency light'beam, and therefore the 
time resolution is greatly improved. If one of the semi 
conductor lasers LD1 and LD2 performs CW light emis 
sion, then the other must perform very short pulse light 
emission, and asum frequency pulse light beam syn 
chronous therewith is produced. Accordingly, in this 
case, only the pulse light component obtained by re 
moving the CW light component with a wavelength 
selecting ?lter or the like may be detected with the 
photodetector PD. Alternatively, only the pulse com 
ponent may be outputted through an AC coupling at 
the photodetector output, thereby to obtain the above 
described measurement reference signal. I 

Thirdly, the sum frequency light beam of the angular ' 
frequency (03 is extracted from the output light beam of 
the non-linear optical element 2 by means of the ?lter F, 
and the remaining light beams having the angular fre 
quencies m1 and mi are utilized to obtain the measure 
ment reference signal. Therefore, if optical losses at the 
?lter F, ‘etc. are disregarded, then the sum frequency 
light beam can be used, in its entirety, to excite the 
specimen 3. Thus, the quantity of light from the light 
source is used with considerably high ef?ciency. 
FIG. 3 is an explanatory diagram showing the ar 

rangement of a light waveform measuring device which 
is a second embodiment of the invention. 
The second embodiment is different from the ?rst 

embodiment in that a streak camera device 7 is em 
ployed as its measuring means. The streak camera de 
vice 7 comprises: a streak tube 71; a sweep control 
circuit 72; and a TV camera 73. The streak tube 71 
comprises: a photocathode 74 for receiving ?uores 
cence light FL to emit photoelectrons; an accelerating 
electrode 75 for accelerating electrons emitted from the 
photocathode 74; a focusing electrode (not shown) for 
focusing the electrons emitted from the photocathode 
74 onto a microchannel plate (MCP); deflecting elec 
trodes 76 for de?ecting the accelerated electron beam 
EB under the control of the sweep control circuit 72; 
the aforementioned microchannel plate (MC?) for mul 
tiplying the number of electrons; and a phosphor screen 
78 for receiving the electron beam EB to emit ?uores 
cence light. The streak image formed on the phosphor 
screen 78 is picked up with the TV camerai73 compris 
ing, for instance, a CCD. 
The device of the second embodiment operates as 

follows. When a sum frequency light beam (m3) is pro 
duced by output laser beams ((01, mg) of the semicon 
ductor lasers LD1 and LDZ, the laser beams (m1, m2) 
synchronous therewith is detected by the photodetector 
PD and applied, as a trigger signal TRG, to the sweep 
control circuit 72. The trigger signal is produced by 
utilizing the laser beam which is completely synchro 
nous with the sum frequency light beam ((03) provided‘ 
as an exciting light beam. Therefore, even if a drift or 
jitter takes place in the laser drive unit 1, the relation 
between the timing of inputting the trigger signal TRG 
and the timing of application of the exciting light beam 
to the specimen 3 is maintained unchanged/Accord 
ingly, the sweep of the streak camera device 7 is started 
in synchronization with the application of the very 
short pulse light beam LB; having the angular fre 
quency @3 to the specimen 3. 
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6 
When, in the embodiment, a number of photons are 

emitted, as fluorescence light, in one application of the 
very short pulse beam LB; to the specimen 3, a light 
waveform as shown in FIG. 2 may be observed with 
one sweep by the sweep control circuit 72. However, if 
a number of photons are not emitted at a time, the light 
emission of the semiconductor lasers LD; and LD; and 
the sweep by the sweep control circuit 72 should be 
repeatedly carried out so that the data of the streak 
images formed thereby are accumulated. In the ?rst 
embodiment of FIG. 1, the number of photons pro 
duced per application of the very short pulse beam L133 
should be not more than one. However, in the second 
embodiment, a plurality of photons may be produced 
per application of the very short pulse beam LB3 be 
cause of the use of the streak tube 71. 
A sampling type light waveform observing means 

may be employed in place of the streak camera device 7 
shown in FIG. 3. The construction and operation of the 
sampling type light waveform observing means will be 
brie?y described with reference to FIGS. 4 and 5. 
The sampling type light waveform observing means 

essentially comprises: a sampling type streak tube 91; 
and a data processing section 100 for processing data on 
the waveform of light FL to be measured which are 
obtained by extracting part of the light FL with the 
streak tube 91. The light FL, which is emitted from the 
specimen and observed by the sampling type light 
waveform observing means, is focused on a photocath 
ode 93 of the sampling type streak tube 91 by a lens 92. 
The incident light beam is converted into electrons 
according to its intensity. The electrons thus produced 
are accelerated by an accelerating electrode 94, and led 
through de?ecting plates 95 to a slit plate 96. When 
passing through the de?ecting plates 95, the electrons 
are de?ected by a sweep voltage applied between the 
de?ecting plates 95, to reach the slit plate 96. The slit 
plate 96 has a narrow slit perpendicular to the direction 
of sweep. Therefore, only part of the electrons pass 
through the slit to reach a phosphor screen 97 located 
behind the slit plate 96, thus causing the phosphor 
screen 97 to emit light. The intensity of the light thus 
emitted is detected by a photomultiplier tube 98, and 
ampli?ed by an ampli?er 99, which, in turn, produces 
an electrical signal. The signal obtained by sampling the 
intensity of the light FL under measurement is stored in 
the data processing section 100. 
The sampling operation is repeatedly carried out with 

the timing of sweep shifted slightly from that of inci 
dence of the light FL, so that a light waveform as 
shown in FIG. 5 is obtained from the data obtained by 
the sampling. 
The circuit for outputting the very short pulse cur 

rent applied to at least one of the semiconductor lasers 
LD1 and LD; (an internal circuit of the laser drive unit 
1) may employ an avalanche transistor, tunnel diode or 
step recovery diode, each of which is high in switching 
speed. Wavelength conversion elements may be pro 

' vided on the output sides of the semiconductor lasers 
60 

65 

LD[ and LDZ. 
As was described above in detail, in the light wave 

form measuring device of the invention, the reference 
signal for starting the measurement is obtained from the 
pulse beam which is completely synchronous with the 
exciting pulse beam having the sum frequency, and 
hence a drift or jitter taking place in the drive circuit or 
the like will never shift the relation between the timing 
of the exciting pulse beam and that of the measurement 
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starting signal. Since the exciting pulse beam is formed 
by the sum frequencymixing, the short wavelength 
exciting beam can be applied to the specimen. Hence, 
the device of the invention is simple in construction and‘ 
can utilize the quantity of light of the output pulse beam 
‘of the light source with high ef?ciency, and is high in 
time resolution. In addition, the device of the invention 
is applicable to measurement of a variety of objects. 
What is claimed is: 
1. A light waveform measuring device which mea 

sures a waveform of light produced from an object in 
response to an exciting pulse beam, comprising: 

light source means for outputting ?rst and second 
light beams which are different in frequency and at 
least one of which is a pulse beam; 

mixing means for subjecting said ?rst and second 
light beams to sum frequency mixing; 

selecting means for selecting a sum frequency beam 
from output beams of said mixing means, and ap 
plying said sum frequency beam to said object as 
said exciting pulse beam; 

pulse detecting means for detecting a pulse beam 
which is synchronous with said sum frequency 
beam from said output beams of said mixing means 
and producing an output when such a pulse beam is 
detected; and 

measuring means for detecting and measuring said 
waveform of light produced from said object in 
response to said exciting pulse beam using said 
output of said pulse detecting means as a measure 
ment starting reference signal. 

2. A light waveform measuring device as claimed in 
claim 1, wherein said measuring means includes a pho 
todetector for detecting a single photon produced from 
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8 
said object, and said measuring means measures repeat 
edly a time period which elapses from a time instant that 
said pulse detecting means produces said output until 
said photodetector produces an output, to obtain a dis 
tribution of said time period as said waveform of light. 

3. A light waveform measuring device as claimed in 
claim 2, wherein said light waveform measuring device 
is adjusted so as to operate in a single photon counting 
mode. 

4. A light waveform measuring device as claimed in 
claim 1, wherein said measuring means comprises a 
streak camera which receives said light from said object 
to produce photoelectrons and sweeps said photoelec 
trons using said output of said pulse detecting means as 
a trigger signal. 

5. A light waveform measuring device as claimed in 
claim 1, wherein said measuring means comprises a 
sampling type light waveform observing device which 
receives said light from said object and operates using 
said output of said pulse detecting means as a trigger 
signal. 

6. A light waveform measuring device as claimed in 
claim 1, wherein said mixing means comprises a half 
mirror for combining said ?rst and second light means, 
and a non-linear optical element for producing said sum 
frequency beam in response to a combined beam from 
said half mirror. 

7. A light waveform measuring device as claimed in 
claim 2, wherein said measuring means further includes 
a time-amplitude converter for converting said time 
period into a voltage pulse having a height which is 
proportional to said time period, and a pulse height 
analyzer for counting said voltage pulse. 

‘I i i i i 


